Abstract-Biodiesel is a fuel commonly produced through the process of transesterification or alcoholysis. In this reaction, triglycerides react with short chain alcohols, producing a mixture of fatty acid esters (biodiesel) and glycerol. Esters of fatty acids and glycerol are partially miscible, forming two liquid phases in the separation of these products. The determination of equilibrium data for liquid-liquid (ELL) for these systems is essential to a better understanding of the reaction process, improving the reaction rate, selectivity, and simulation and optimization of the reactor and the system of separation of products. In this paper we experimentally measured data for ELL pseudo-ternary systems of fatty acid methyl esters (FAME)/methanol/glycerol and fatty acid ethyl esters (FAEE)/ethanol/glycerol at 30, 45 and 60 ° C. The biodiesel used in this work was produced by transesterification of cottonseed oil. The measured experimental data were used to evaluate the prediction of the UNIFAC method for such systems.
I. INTRODUCTION
The production of biofuels derived from renewable sources is becoming an alternative to petroleum-based fuels due to high prices of fossil fuel, decreasing oil reserves and growing concerns about environmental issues [1] .
In this context, biodiesel has become a potential alternative to reduce dependence on derivates from petroleum and decrease the emission of polluting gases such as CO 2, SOx and particulates. Furthermore, biodiesel is renewable, biodegradable and nontoxic. It can be produced from a reaction known as transesterification in which triacylglycerols from vegetable oil or animal fat reacts with short-chain alcohols to form a mixture of glycerol and fatty acid esters (biodiesel).
Several sources of vegetable oil and animal fat can be used for biodiesel production. In the case of alcohol, are used short chain such as methanol and ethanol. Methanol is most commonly used alcohol to perform transesterification reaction due to lower cost and more favorable properties in the process. Since ethanol is an alcohol less toxic than the first and can be obtained from biomass, providing a biodiesel which production is completely renewable [2] , [3] .
Because of the reaction be reversible, the alcohol is used in excess. High conversions of esters are reported in the literature for a molar ratio alcohol/oil 6:1 [4] . Catalysts are generally added to the system to accelerate the reaction. The fatty acid esters and glycerol, obtained in the transesterification reaction are partially miscible, so that during the separation of these products, there is the formation of two liquid phases [5] . The denser phase is rich in glycerol and the less dense phase contains the fatty acid esters which will be used as biodiesel after the purification steps. The unreacted alcohol is distributed between two liquid phases [2] .
Knowledge of phase equilibria of these systems is necessary for a better understanding of the process and optimization of the reactor and separation systems [1] . Thus, the adequate description of the distribution of the products of transesterification between the two phases, in a wide range of process conditions, is essential for the study and design of the equipment involved in the production and purification of biodiesel [6] . Furthermore, simulations for the development of new processes for such systems require thermodynamic models that can adequately describe these mixtures [5] .
The thermodynamic modeling of phase liquid-liquid equilibrium requires that be determined, among the existing thermodynamic models, the most suitable to represent the excess Gibbs energy (GE). In this sense, the method UNIFAC (Universal Quasi-Chemical Functional Group Activity Coefficient) uses existing experimental data to predict the phase equilibrium of systems for which experimental data are not available. The UNIFAC is a group contribution method in which a liquid mixture can be considered a solution of structural units from which the molecules are formed [7] .
In this work were determined the of liquid-liquid equilibrium (LLE) for the pseudo-ternary systems of fatty acid methyl ester (FAME)/methanol/glycerol and fatty acid ethyl ester (FAEE)/ethanol/glycerol at 30, 45 and 60 ° C. The measured data were used for evaluation of the performance of models UNIFAC and UNIFAC-Dortmund to prediction the LLE of this type of system.
II. METHODOLOGY

A. Materials and Methods
To determine the LLE data were used glycerol (99.5% VETEC), methanol (≥ 99.9%, Merck), ethanol (≥ 99.9%, Merck) and methyl and ethyl biodiesel produced in two different ways. For the pseudo-ternary system FAME/methanol/glycerol was used a biodiesel of industrial origin, produced by methanolysis of cottonseed oil. For the pseudo-ternary system FAEE / ethanol / glycerol, ethyl biodiesel cotton was produced by ethanolysis of refined cottonseed oil with the following reaction conditions: molar ratio alcohol/oil 6/1; catalyst NaOH (≥ 99.0 %, Merck), mass fraction of catalyst in relation to the mass of oil 0.75%, stirring 300 rpm and reaction temperature 50 ° C. The ester content in the methyl biodiesel was 99.1% and in the ethyl biodiesel 97.2%, determined by gas chromatography according to EN 14103.
The composition of each phase was performed by gas chromatography with flame ionization detector using a capillary column chromatography DB-1 (J & W) with a length of 30 m, internal diameter 0.32 mm and thickness of film of 0.3 micrometers. Hydrogen (99.999%) was used as carrier gas and isopropanol (≥ 99.8%, Merck) was used as solvent for homogenization of samples.
B. Experimental Procedure
Glass cells with a volume of 100 mL and mechanical stirrers were used to perform LLE measures at atmospheric pressure. The ternary mixtures ester/alcohol/glycerol were prepared gravimetrically and the three components of the mixture were added directly to the LLE cell. To maintain cells at constant temperature, was used a thermostatic bath (Julabo TE-184) using water as the heating fluid. The system was maintained at the desired temperature with an accuracy of ± 0.2 ° C. To measure the temperature of the mixture in the cell was used a calibrated temperature sensor PT100.
To promote contact between the phases, the system was kept under vigorous stirring by mechanical stirrer for one hour and then the system was allowed to stand to reach equilibrium after the phase separation. After equilibrium attained, aliquots of each phase were collected with a glass syringe and the mass fraction of each determined by gas chromatography.
C. Thermodynamic Modeling
The prediction of LLE for the systems experimentally evaluated was performed using a liquid-liquid flash calculation (LLF) isotherm at 30, 45 and 60 ° C and the activity coefficients were predicted by group contribution methods UNIFAC and UNIFAC-Dortmund. The comparison between experimental and calculated values by UNIFAC was performed using the average deviation given by 
where w ij is the mass fraction of component i in the point j, I and II are the phases in equilibrium, exp and cal denote measured and calculated values, respectively, NC is the number of components and NP is the number of experimental points.
III. RESULTS AND DISCUSSION
The experimental data of LLE for the systems methyl esters/methanol/glycerol and ethyl esters/ethanol/glycerol at 30, 45 and 60 ° C are shown in Tables 1 and 2 , respectively. The results show, as expected, that the glycerol phase is richer in alcohol (methanol or ethanol) than the ester phase. For the ethyl systems, the results show that although ethanol found in greater quantity in the glycerol rich phase, the presence of this component in the ester rich phase is greater than that observed for methanol. In the case of ethyl systems, the presence of ethanol in this system also contributes to the presence of higher amount of glycerol in the ester rich phase since this alcohol promotes a greater dispersion of glycerin in the biodiesel.
For both systems studied, the increase in temperature promotes increased miscibility of the components and the phase rich in ester has a higher amount of alcohol. The experimental data were evaluated by Othmer and Tobias correlation [8] as shown in Fig. 1 . The distribution of alcohol between the ester and glycerin phases can be analyzed through the coefficient of distribution given by K2: where is the fraction of alcohol in the ester phase and is the fraction of alcohol in glycerol phase. Fig. 2 shows behavior of the distribution coefficient of methanol and ethanol.
As can be seen in Fig. 2 , the coefficient of distribution of ethanol is smaller than 1, indicating higher concentration of alcohol in glycerol phase than in the ester phase. The effect is expected since methanol, ethanol and glycerol have similar structures with O-H groups. The attractive interaction of these molecules is by hydrogen bonding which means that alcohol will be distributed preferentially in the glycerol phase.
The experimental results show that the distribution coefficient of alcohol increases with increasing temperature in both systems. This result is also expected since the association effects will decrease with temperature (Andreatta et al., 2008) .
IV. LIQUID-LIQUID EQUILIBRIUM PREDICTION
Biodiesel is composed of a mixture of fatty acid esters of different chains, but the system can be approximated as a pseudo ternary system (Zhou et al., 2006, Cheng et al., 2009). The biodiesel can then be considered as consisting of a single ester (ester representative), which best represents the biodiesel used.
In this work, the methyl biodiesel was represented by methyl linoleate, and the ethyl biodiesel was represented by ethyl linoleate because these esters represent over 50% of the composition of the biodiesel. The methyl biodiesel presented 57.9% of methyl linoleate and the ethyl biodiesel 53.8% of ethyl linoleate. Table I and Table II shows the distribution of groups of system components for the UNIFAC and UNIFAC-Dortmund methods. Figs. 3-8 show a comparison between experimental data and predictions by the UNIFAC and UNIFAC-Dortmund methods for the systems methyl esters/methanol/glycerol and ethyl esters/ethanol/glycerol with different equilibrium temperatures (30, 45 and 60 ° C).
Figs. 3-5 show the experimental data for liquid-liquid equilibrium of methyl esther/methanol/glycerol with different temperatures, 30, 45 and 60º C, and the thermodynamic modeling with UNIFAC and UNIFAC Dortmund models. Figs. 6-8 show the experimental data for liquid-liquid equilibrium of ethyl esther/ethanol/glycerol with different temperatures, 30, 45 and 60º C, and the thermodynamic modeling with UNIFAC and UNIFAC Dortmund models. As can be seen in Figs. 3-8 , the values predicted by the models UNIFAC and UNIFAC-Dortmund represent qualitatively the systems with larger deviations with increasing concentration of alcohol in the system. According to , the presence of a polar compound with strong associative interactions increases the complexity of the system making difficult the use of conventional thermodynamic models. Table III and Table IV presents the average deviations V. CONCLUSION LLE data for systems FAME/methanol/glycerol and FAEE/ethanol/glycerol were measured at temperatures of 30, 45 and 60 ° C. The results showed that alcohol is distributed preferentially in the glycerol phase and ethanol concentration is higher than methanol in the respective ester systems. For co-solvency effect of ethanol, a greater amount of glycerol was observed in the ester-rich phase. The experimental data were analyzed by the Othmer-Tobias correlation having obtained satisfactory linearity. The set of currently available UNIFAC parameters was evaluated based on experimental data measured, considering pseudo ternary systems using the methyl and ethyl linoleate as pseudo components representative. The results of the predictions of methods UNIFAC and UNIFAC-Dortmund were considered qualitative.
between the calculated and experimental compositions.The analysis of Table III and Table IV shows that the prediction of UNIFAC-Dortmund method is better than the prediction of UNIFAC method for the methyl ester systems while the reverse is observed for the ethyl systems. 
